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receptors on peripheral host cells (monocyte/macrophages and neutrophils), actions on glial cells, and descending antiinflammatory influences stemming from melanocortin receptors on neurons (Fig. 2) . The actions of the peptide on circulating and tissue host cells directly modulate production of soluble mediators of inflammation, likely via inhibition of gene transcription. Host cells in the CNS, the microglia, and astrocytes, share with peripheral host cells this inhibitory response to α-MSH. The descending neurogenic anti-inflammatory response to central α-MSH peptides is more complex and involves neuronal pathways not yet fully known. The consistency of these anti-inflammatory influences of melanocortins in peripheral host cells, glia, and in descending anti-inflammatory neural circuits suggests a strong and lengthy evolutionary pressure to preserve these modulatory influences. It should be possible to take advantage of these powerful neuroimmunomodulatory anti-inflammatory influences to control resistant inflammation.
Leydig cells. However, striking species differences do exist, because in testes of rodent, bird, and bear, several authors have demonstrated that both somatic cells and mature germ cells represent a new source of estrogens (2) .
In rat Leydig cells, the level of P450arom mRNA does not change tremendously with age, although the aromatase activity increased in mature cells. In mature rats, the low level of P450arom gene expression in Sertoli cells (10-fold less than in 20-day-old animals) is likely related to the wellknown inhibition of the aromatase by the neighboring germ cells (2) . The amount of P450arom mRNA transcripts decreases in relation to the stage of rat germ cell maturation, being twice as elevated in spermatocytes as in round spermatids, whose level is 20-fold higher than in spermatozoa (9) . Moreover, using polyclonal antibodies against human placental aromatase, immunoreactive P450arom has been detected not only in Leydig cells but also in pachytene spermatocytes, round and elongated spermatids (9) , and spermatozoa within the epididymis (7) . The presence of a functional P450arom in various rat somatic and germ cells has been validated (9) : in testicular spermatozoa the aromatase activity (3 pmol) was four-to fivefold higher than that of either pachytene spermatocytes or spermatids (altogether, in germ cells the aromatase activity represented >60% of total testicular activity). Thus these data are in favor of P450arom activity in the spermatozoa that is probably located in the cytoplasmic droplet, as postulated by Janulis et al. (7) . In addition, we have reported the existence of alternative splicing events of P450arom mRNA in pachytene spermatocytes and round spermatids of the rat. The two P450arom isoforms that have lost the last coding exon that contained the hemebinding domain are probably unable to convert androgens into estrogens. The existence of alternative splicing events may be another necessary step, like paracrine and endocrine factors for Leydig and Sertoli cells, to control the aromatase expression (and consequently to modulate the estrogen production) in germ cells of the rat testis (2) .
Nonetheless, in rodents the number of P450arom transcripts is higher in earlier than in later germ cells, and the aromatase activity is higher in elongated spermatids than in pachytene spermatocytes. These data reveal an apparent discrepancy, which could be related to either incomplete maturation at a post-translational step of the P450arom or the existence of untranslated transcripts and/or different half-lives of the P450arom mRNA. Indeed, it is well known that most transcripts in early germ cells are stored as ribonucleoproteins, which will remain in such a state for many days (according to the wavelength of spermatogenesis), and they are then translated mainly in elongated spermatids. Overall, it is demonstrated that the aromatase gene is expressed and translated in a biologically active protein in rat germ cells, which are therefore able to transform androgens intro estrogens.
Effects of estrogens on testicular functions
Synthesis of steroids and sperm production represent the main characteristics of the mammalian testis. These functions are controlled by gonadotropins whose specific actions are fine tuned via local factors produced by the testicular cells, and among them estrogens seem to play a crucial role.
To exert their effects, testicular or locally produced estrogens interact with specific estrogen receptors (ER), which in turn modulate the transcription of specific genes involved in cell growth, function, and differentiation. For over 10 years the only available data about estrogen roles were related to the existence of ER-α, but in 1996 a novel estrogen receptor called ER-β was cloned from a human testis cDNA library (for review, see Ref.
2). Therefore, the distribution of the two types of mRNA (ER-α and ER-β), as well as the protein in the male rat gonad, has been extensively studied, and most of the rat testicular cells, particularly gonocytes, pachytene spermatocytes, and spermatids, contained ER-β (2, 12).
These new observations led scientists to carefully reevaluate the effects of estrogens (or antiestrogens) on the male reproductive tissues. In that respect, it has been shown that in vitro the multiplication of rat gonocytes is in part regulated by estradiol, which fits well with the presence of ER-β in these cells (12) . Estrogens also seem necessary for the achievement of fertility of the male rodent (8); in fact, there is evidence in mouse, from estrogen receptor gene knockout (ERKO) experiments, that estrogens are involved, because in the adult ERKO mice seminiferous tubules are collapsed and contained few germ cells. It is worth noting that the luteinizing hormone and follicle-stimulating hormone levels in blood of wild-type and ERKO males are not statistically different, suggesting a likely local defect in ERKO (for review see Ref.
3). Indeed, Hess et al. (6) have demonstrated that the lack of fluid reabsorption in the proximal compartments of the epididymis leads to an accumulation of fluid within seminiferous tubules and therefore induces an increase in pressure that will in turn destroy germ cells. Recently, Sharpe an colleagues have reported that estrogens, through the modulation of aquaporin-1 expression, are involved in the regulation of fluid reabsorption in the proximal regions of the rat and monkey epididymides. In addition, estrogens are involved not only in some regulating steps of spermatogenesis of mouse but also through, for instance, the cadherin synthesis that mediates Sertoli-germ cell interactions. In terms of the germ cell development, it is known that estradiol plays a role in the reinitiation of spermatogenesis in the bear after the winter rest, and in the ram, the estradiol concentration in the testicular vein is positively correlated with the daily production of leptotene primary spermatocytes/testis. Moreover, the spermatid number and maturation are decreased after injection of either aromatase inhibitors or antiestrogens in rodents and primates (for review see Ref.
2).
Finally, the existence of male mice deficient in aromatase (ArKO) has helped to clarify the physiological role of estrogens (5) . Briefly, the animals develop normally and the genital tract is anatomically in the control range when compared with wild-type mice. The males are able to breed and produce litters; however, from the age of 5 mo onward, some of them "...in vitro the multiplication of rat gonocytes is in part regulated by estradiol...."
start to have failure of spermatogenesis, and by the age of 1 yr all male mice develop abnormal spermatogenesis. A blockage of germ cell maturation at the spermatid stage (round and elongated spermatid numbers are decreased by 50%) compared with wild-type mice is observed without any change in the blood follicle-stimulating hormone levels (11) . According to these findings, it is quite difficult to argue about the absolute requirement of estrogens in the spermatogenic process. Even though the evidence is in favor of a role of these female hormones, estrogen-targeted genes are still missing, especially during the germ cell maturational changes.
Testicular estrogens and human reproduction
Concerning the aromatase in human testis, the Leydig cells have long been considered a main source of estrogens. Later, from in vitro studies, we have shown that both Leydig cells and Sertoli cells produced estrogens. In addition, the Sertoli cell aromatase activity is under germ cell control, which is also observed in Sertoli cells from testes of prepubertal boys with Peutz-Jegler syndrome. Moreover, malignant germ cells have the capacity to produce estrogens (for review see Ref.
2).
These reports are in keeping with the observations showing that the concentration of estrogens in the rete testis fluid of men is far higher than in the peripheral blood. The regulation of P450arom expression has been little studied in human testis; the promoter II is mainly expressed (for review see Refs. 2 and 14) , and a new promoter I.6 has been described that is overexpressed in testicular tumors (13) .
The ER-β has for the first time been cloned in human testis, and Gustafsson and colleagues have demonstrated by in situ hybridization that ER-β is mainly located in round spermatids and to a lesser degree in pachytene spermatocytes (4) . It has recently been reported that human sperm membranes contain a functional estrogen receptor (10) .
Overall, these data are likely related to the following reports. First, the aromatase deficiency in men consecutive to a P450arom gene mutation leads to sterility (1) with >1 million spermatozoa/ml. An inactivating mutation in the ER-α gene (exon 2) has been reported by Smith et al. (15) . In this mutation, the number of spermatozoa was normal, whereas the viability was decreased and the patient was infertile. Second, a correlation between the amount of estradiol in the seminal plasma and the germ cell number has been demonstrated, as well as a positive role for estradiol in improving spermatozoa migration. In contrast, high amounts of estrogens are deleterious for spermatogenesis, and an involvement of xenoestrogens has been invoked to explain the decrease of sperm counts in men (for review see Refs. 2 and 12). Whether these observations are related to direct and/or indirect (i.e., pituitary) effects of estrogens remains uncertain.
Conclusion
Together with Leydig cells, adult rat germ cells are able to express P450arom mRNA, which is translated as a biologically active enzyme involved in estrogen production (Fig. 1) . Consequently, germ cells not only produce estrogens but contain estrogen receptors as well, which would explain part of the role (autocrine and/or paracrine) of estrogens in male germ cell development. The mechanism of action of estrogens in the reproductive organs of the male remains to be clarified, as well as the regulation of aromatase gene expression, especially in germ cells during testicular development.
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• Volume 15 • August 2000T he liver plays a major role in glucose homeostasis by releasing into the systemic circulation the exact amount of glucose required to match extrahepatic glucose utilization and maintain plasma glucose concentrations within tight normal limits. It performs this task by mobilizing glucose stored within hepatocytes as glycogen and/or by converting lactate, glycerol, and amino acids into glucose (gluconeogenesis). The net glucose release is the result of these two simultaneously ongoing processes and has to be very accurately regulated. If glucose production by the liver exceeds glucose requirements, plasma glucose inevitably rises. Alternatively, if glucose production does not meet glucose requirements, plasma glucose concentrations falls, and this eventually leads to brain energy shortage due to hypoglycemia.
After an overnight fast, the liver is the sole organ actually releasing glucose into the systemic circulation. The kidney also produces small amounts of glucose. Only during prolonged fasting (several days) does the kidney contribute a net amount of glucose into the systemic circulation. Glycogenolysis and gluconeogenesis each contribute ~50% of hepatic glucose output. However, the exact contribution of each of these two processes in glucose production remains controversial (3) .
After ingestion of a mixed meal, the systemic appearance of exogenous glucose issued from the digestion and absorption of dietary carbohydrate exceeds the glucose requirements of the whole organism, and a transient rise in glycemia ensues. During this period, hepatic glucose production shuts down and part of the exogenous glucose reaching the portal vein is actually taken up by liver cells to replenish hepatic glycogen stores. Postprandial stimulation of insulin secretion and inhibition of glucagon secretion are involved in this process. Hyperinsulinemia inhibits both glycogenolysis and gluconeogenesis and stimulates glycogen synthesis. At the same time, glucagon secretion decreases. Since glucagon stimulates glycogenolysis and gluconeogenesis in postabsorptive conditions, this suppression of plasma glucagon also results in an
